Introduction
defective cell walls in C. reinhardtii. The same signal may also control cell wall 1 1 1 assembly in C. reinhardtii and other algae for commercial biomass production. Placing 1 1 2 our promoter-reporter system in cwd mutants that exhibit constitutive CW gene 1 1 3 expression will provide an excellent tool for a suppressor screen where molecular 1 1 4
components of the cell wall integrity signaling can be identified. 1 1 5 1 1 6
Results 1 1 7 1 1 8 g-lysin treatment induces transcriptional activation of CW genes 1 1 9
A majority of the genes in the CW gene sets fell into two functional groups; protein 1 2 0 processing (i.e., related to translation or glycosylation) and structural cell wall proteins. 1 2 1
To survey the CW genes systematically, we selected three genes related to protein 1 2 2 processing; SEC61G, AraGT1, and RHM1, and four structural cell wall proteins; GAS28, 1 2 3 GAS30, GAS31, and PHC19 (Table 1) . According to the reads per million kilobases 1 2 4 mapped (RPKM) values as proxy to absolute expression level, taken from the Ning et 1 2 5
al. 18 dataset, the delta RPKM values between the g-lysin-untreated and g-lysin-treated 1 2 6 cells for the selected genes indicate a substantial increase in gene expression within 1 1 2 7
hour upon g-lysin treatment (Table 1) . 1 2 8
To confirm the reported transcriptome results and quantify the g-lysin induced 1 2 9
gene expression, we analyzed the expression of our selected genes by reverse 1 3 0 transcription and quantitative PCR (RT-qPCR) in gamete cells where little growth-1 3 1 related cell wall remodeling is expected. Following the treatment of gametic cells with g-1 3 2 lysin, a significant change in expression was observed for the structural protein genes, 1 3 3 ranging between 145-and 508-fold increases (Figure 1a ). The protein processing genes 1 3 4
showed modest increases between four-and 33-fold ( Figure 1b) . 1 3 5
To distinguish the transcriptional and the post-transcriptional mechanisms for the 1 3 6 upregulation by g-lysin treatment, transgenic strains harboring promoter-luciferase 1 3 7
constructs were used to probe promoter activities for SEC61G, AraGT1, RHM1, and 1 3 8 PHC19 genes, as described in our previous study 19 . Two independent transgenic lines 1 3 9
for each promoter-reporter construct showed a definite increase, ranging between four-1 4 0
and 210-fold in luciferase expression in response to g-lysin treatment (Figure 2 ). This 1 4 1 result suggests that most of the cell wall-regulated genes are activated at the 1 4 2 transcriptional level. Note that the increase of promoter activity for a given gene did not 1 4 3 always match the extent to which the transcript accumulated in response to g-lysin. For 1 4 4 example, the SEC61G promoter showed a hundreds-fold increase in activity when 1 4 5 treated with g-lysin, while the mRNA levels increased only modestly (Figure 1 ). This 1 4 6 discrepancy may be due to the post-transcriptional regulation of SEC61G expression. 1 4 7 1 4 8
Translational inhibition revealed the complex regulatory network of the g-lysin-induced 1 4 9
CW gene expression. 1 5 0
One of the critical features of signaling pathways is a hierarchical structure, where a 1 5 1 primary response leads to a secondary response, dependent on the protein produced 1 5 2 from the primary response. To examine such a hierarchy, we examined g-lysin-induced 1 5 3 transcript accumulation in cells treated with the eukaryotic protein synthesis inhibitor 1 5 4
cycloheximide (CHX). The CHX treatment itself did not affect much of the CW gene 1 5 5 expression, showing less than a three-fold change (Figure 3) . By comparing the g-lysin-1 5 6
induced gene expression between CHX-treated and untreated cells, we identified three 1 5 7
patterns. First, RHM1 and PHC19 showed two-to five-fold reduction of the g-lysin-1 5 8
induced up-regulation but remained responsive to g-lysin treatment ( Figure 3 ). Second, 1 5 9
GAS28 and GAS30 showed near complete inhibition (< four-fold) of the g-lysin-induced 1 6 0 up-regulation in CHX-treated cells, indicating that GAS28 and GAS30 are regulated by 1 6 1 a secondary response, which is consistent with a previous report 17 . Third, AraGT1 and 1 6 2 GAS31 showed three-and eight-fold increases in the g-lysin-induced up-regulation 1 6 3 when pretreated with CHX. This increase suggests that some of the early responsive 1 6 4
CW genes such as AraGT1 and GAS31 are down-regulated as negative feedback by a 1 6 5
regulator either short-lived or up-regulated by the g-lysin treatment. Overall, our result 1 6 6
showed that AraGT1, RHM1, PHC19 and GAS31 are primary targets and GAS28 and 1 6 7
GAS30 are secondary targets of the g-lysin-induced signaling pathway. 1 6 8 1 6 9
Osmotic stress does not initiate the signal that induces CW gene activation. 1 7 0
In C. reinhardtii, osmotic balance is controlled by the combined action of a pair of 1 7 1 contractile vacuoles (CVs), which pump excess water out of the cell, and the cell wall, 1 7 2 which protects the cell from lysing in under the naturally hypotonic freshwater 1 7 3 environments where C. reinhardtii live (Supplementary Text S1 for details). Therefore, 1 7 4
when cells lose their cell walls, osmotic stresses are likely to be incurred on the cells. 1 7 5
The effects of changing osmotic conditions can be examined by using the CV cycle as a 1 7 6 proxy for water flux. 1 7 7
To assess the effect of osmotic stress on CW gene expression, we analyzed 1 7 8 cells transferred from Tris-acetate-phosphate (TAP), a standard growth medium (64 1 7 9 mOsm/L) to half-diluted TAP (1/2 TAP, 32 mOsm/L), where the CV cycle shortens, and 1 8 0 sorbitol-supplemented hypertonic condition (TAP+SS, 204 mOsm/L), where the CV 1 8 1 cycle stops (Supplemental Table S1 ). The structural protein genes showed two-to four-1 8 2 fold upregulation when adjusted to the hypertonic condition (TAP+SS), whereas only 1 8 3 non-significant changes were observed in the strong hypotonic condition (½ TAP) 1 8 4
(Supplementary Figure S2 ). SEC61G showed no significant difference under osmotic 1 8 5 stress. Overall, the level of up-regulation observed under osmotic stress is, however, far 1 8 6
smaller than the fold-induction following g-lysin treatment, suggesting only a minor role 1 8 7
in CW gene regulation. 1 8 8
It may be possible that the cellular osmotic state rather than osmotic stress may 1 8 9
be necessary for the cells to activate CW genes. To test this possibility, we designed an 1 9 0 experiment that puts cells in different osmotic conditions while reducing osmotic stress 1 9 1 to a minimum during g-lysin treatment. Cells were first adapted to hypo-(standard TAP, 1 9 2 64 mOsm/L), iso-(175 mOsm/L), and hypertonic (204 mOsm/L) conditions according to 1 9 3
our CV cycle observations. The preconditioned cells were then treated with g-lysin 1 9 4 prepared in media of the same osmolarity (see methods for details). In the iso-and 1 9 5 hypertonic conditions, we observed a drastic loss, between 72% and 92%, of the fold-1 9 6 induction observed for the CW genes upon g-lysin treatment (Figure 4 ). This result 1 9 7
suggests that a hypotonic condition or contractile vacuole cycling is critical for C. 1 9 8
reinhardtii cells to fully activate the CW genes via the g-lysin-induced signaling pathway. 1 9 9 2 0 0
Mechanical perturbation of cell walls triggers the signal for CW gene activation. 2 0 1
Our results discovered the critical importance of natural osmotic conditions for the full-2 0 2 scale activation of CW genes. Nonetheless, CW gene activation was not completely 2 0 3 abolished even in the absence of contractile vacuole cycling, thus the trigger of CW 2 0 4
gene activation remained to be determined. Thereby, we investigated the mechanical 2 0 5
integrity of the cell wall as the potential trigger of CW gene activation. The cell wall 2 0 6
integrity was examined by testing whether the cells lyse in the presence of 0.1% non-2 0 7
ionic detergent NP-40 (or Tergitol) -a substance to which cells with fully intact cell walls 2 0 8 are undisturbed, while membranes of cells with defective cell walls are compromised. 2 0 9
Earlier studies of cell wall-defective mutants exhibiting lysis upon NP-40 treatment 2 1 0 categorized mutant phenotypes into three distinct groups: A) cells producing normal-2 1 1 looking walls attached to the plasma membrane, B) cells producing walls but not 2 1 2
connected to the plasma membrane, and C) cells producing minute amounts of wall 2 1 3 material 20,21,22 . These groups represent the three sequential consequences caused by 2 1 4 g-lysin treatment: cracking the wall integrity, detaching the cell wall from the plasma 2 1 5 membrane, and complete removal of the wall. Therefore, whether CW genes are up-2 1 6
regulated without g-lysin treatment in cell wall defective mutants would inform about the 2 1 7 involvement of cell wall integrity signaling for CW gene activation caused by the g-lysin 2 1 8 treatment.
Most of the cell wall defective strains frequently used in C. reinhardtii research 2 2 0
were isolated in the early 70s. Therefore, the available cell wall defective strains may 2 2 1 have accumulated spontaneous mutations during their long-term culture. To assess the 2 2 2 cell wall defective conditions without complex strain history, we isolated a new set of cell 2 2 3
wall defective mutants based on their sensitivity to 0.1% NP-40. We selected a subset 2 2 4 of these mutants based on NP-40 sensitivity and cell wall morphology to represent 2 2 5 diverse mutant types. Our collection included four mutants (cwd1-4) from our mutant 2 2 6 library and one historical mutant, cw15, whose phenotypes are summarized in Table 2 .
In our collection, cwd1 and cw15 contain no residual wall mutant based on their fully 2 2 8 round shape and the absence of hollow in the phase-contrast images; cwd2 and cwd3 2 2 9 exhibit abnormal cell wall morphologies; and cwd4 is a putative cell wall detachment 2 3 0 mutant ( Figure 5 ). cw15, cwd1, cwd3, and cwd4 showed high sensitivity to NP-40 (>90% 2 3 1 cells burst within 2 min.) while cwd2 showed medium sensitivity (70-90% cells burst). RT-qPCR analysis showed that all cwd mutants expressed a much higher level 2 3 3 of CW genes compared to the wild-type before g-lysin treatment ( Figure 6 ). When 2 3 4 compared to the upregulated expression levels of the g-lysin-treated wild-type strain, 2 3 5 untreated cwd2, cwd3, and cwd4 cells exhibited comparable or higher expression of 2 3 6
PHC19 and GAS28, whereas cwd1 was found to show four to five times less expression 2 3 7
of PHC19 and GAS28 than the other cwd mutants (Figure 6b ). cwd2 and cwd4, which 2 3 8
exhibited the highest CW gene expression, showed no further up-regulation following g-2 3 9
lysin treatment, suggesting that the g-lysin-induced signaling was fully activated before 2 4 0 g-lysin treatment (Figure 6c, e ). On the other hand, cwd1 with the modest CW gene 2 4 1 expression showed a full-scale response comparable to the wild-type following the g-2 4 2 lysin treatment, and cwd3 with the comparable CW gene activation to the g-lysin-treated 2 4 3 wild-type showed 3.3-and 3.6-fold further up-regulation of PHC19 and GAS28 ( Figure  2  4  4 6d). This residual response to g-lysin suggests that g-lysin-induced signaling was 2 4 5
partially activated in cwd1 and cwd3. 2 4 6
This gene expression analysis of cwd mutants suggests cell wall integrity as a 2 4 7
critical factor for the CW gene regulation in C. reinhardtii. The result of cw15, however, 2 4 8
showed an interesting exception. PHC19 and GAS28 were found to be expressed 2 4 9
higher in untreated cw15 than in the wild-type, yet at least 30-fold lower than in cwd1 -2 5 0
showing the lowest CW gene expression among the cwd mutants (Figure 6a, b ). g-lysin 2 5 1 treatment upregulated PHC19 and GAS28, but at a modest level, less than ten-fold in 2 5 2 cw15. 2 5 3
We reasoned that the low CW gene expression of cw15 even with g-lysin 2 5 4 treatment might be due to its long-term adaptation to its cell wall-less condition where 2 5 5 constant CW gene expression becomes wasteful. It is, therefore, conceivable that cw15 2 5 6 may have accumulated a mutation preventing CW gene expression. To learn about 2 5 7
whether such a suppressor mutation exists in cw15, sexual-recombinant progeny were 2 5 8 generated by mating cw15 with a cell wall-intact strain transformed with the PHC19-2 5 9
luciferase construct (PHC19-2 in Figure 2) . A consistent 2:2 segregation of the cell wall 2 6 0 defect among the progeny indicates that a single cw15 mutation is likely responsible for 2 6 1 the cell wall defect in the recombinant progeny (data not shown). We selected one 2 6 2 tetrad in which two progeny with the PHC19 reporter are distinguished by their cell wall 2 6 3 phenotypes: one with intact cell walls as a CW15 strain and the other with defective cell 2 6 4
walls as a cw15 strain. Luciferase activity of the CW15 progeny showed a 4.9-fold 2 6 5 1 0 increase by the g-lysin treatment, whereas the cw15 progeny showed constitutive 2 6 6
reporter activity at the similarly high level of the g-lysin-treated CW15 strain 2 6 7
( Supplemental Table S2 ). Upregulated PHC19 and GAS28 gene expression 2 6 8
ascertained the recovery of CW gene expression in the selected cw15 progeny 2 6 9
(Supplementary Figure S3) . These results indicate that compromises in cell wall 2 7 0
integrity trigger the upregulation of CW genes in C. reinhardtii.
This study focused on how cells sense 'nakedness' to rebuild their wall. By 2 7 4
analyzing CW genes activated by cell wall removal and imperfect cell walls, we propose 2 7 5 a signaling pathway by which physical integrity of the cell wall turns on the CW genes 2 7 6 required for cell wall assembly/remodeling in C. reinhardtii.
The cell wall is the outermost layer that plays a significant role in water balance 2 7 8
by protecting cells from bursting in hypotonic conditions like the freshwater environment 2 7 9
(and natural habitat of C. reinhardtii). It is, therefore, expected that the removal of the 2 8 0 cell wall would have an impact on osmoregulation. When wild-type CC-125 cells were 2 8 1 transferred to media of varying osmolarity, we observed little change in CW gene 2 8 2 expression level (Supplementary Figure S2) . In contrast, we observed 72%-92% 2 8 3 reduction of the g-lysin-induced CW gene activation in iso-or hypertonic conditions 2 8 4 ( Figure 4 ). In the iso-and hypertonic media, contractile vacuole cycling was not 2 8 5
observed, indicating that water influx was not significant. In the absence of water influx, 2 8 6 cells may survive even if the cell wall is not perfect or absent. It is, therefore, logical that 2 8 7
building an intact cell wall may become less critical under iso-or hypertonic condition. 2 8 8
The second hypothesis tested is the involvement of cell wall integrity signaling 2 8 9
that senses structural defects in the cell wall. In comparison to the g-lysin-treated naked 2 9 0 cells, full-scale CW gene activation was observed in cwd2 (with an enclosed cell wall) 2 9 1 and in cwd4 where cells are either enclosed or detached with the cell wall but still 2 9 2 maintain contacts with the wall (Figure 6 ). Whereas, cwd1 (with little cell wall) showed 2 9 3 20%-30% of the full activated CW gene expression level with further upregulation by g-2 9 4 lysin treatment ( Figure 6 ). These results raise critical aspects of the signaling induced 2 9 5 by g-lysin treatment. First, cells lacking a standard cell wall continuously attempt to 2 9 6 1 rebuild their cell wall as indicated by constitutive activation of CW genes. Secondly, 2 9 7 naked cells do not induce full-scale CW gene activation, and prepared g-lysin lysates 2 9 8
containing digested cell wall material further up-regulate the CW genes. Collectively our 2 9 9
findings suggest that the activation of CW genes is likely triggered by cell surface 3 0 0 receptors serving two roles: 1) to monitor tension built up between the cell wall and 3 0 1 turgid cells that is lost in naked cells and iso-or hyperosmotic conditions, and 2) to 3 0 2 sense a cell wall component or specific structure of the typical cell wall that are exposed 3 0 3
to the cell surface in cell wall defective mutants and by g-lysin treatment. 3 0 4
Cell wall integrity signaling has been extensively studied in yeast and more 3 0 5 recently in plants. In S. cerevisiae, the Wsc1 and Mid2 serve as the primary sensor of 3 0 6
the yeast cell wall integrity, both of which are a single-transmembrane domain protein 3 0 7
with a stretchable O-mannosylated Ser/Thr-rich extracellular domain upon mechanical 3 0 8 stresses on the cell wall 23,24 . These sensors are coupled with a small G-protein Rho1 for 3 0 9
downstream signaling involving Pkc1 and the MAP kinase cascade 25 . Interestingly, this 3 1 0
Rho1-Pkc1-mediated signaling and osmotic stress share Skn7, a two-component 3 1 1
response regulator, as a downstream transcriptional regulator 26 . Based on the strong 3 1 2 down-regulation of CW gene activation under iso-and hypotonic conditions, similar 3 1 3 crosstalk between the cell wall integrity signaling and osmotic stress signaling may also 3 1 4 exist in C. reinhardtii. 3 1 5
In plants, the Catharanthus roseus receptor-like kinase like (CrRLKL) family such 3 1 6
as ANX and FER have an extracellular domain containing one or two malectin-3 1 7
homology domains that can bind to di-glucose, whose signaling is known to regulate 3 1 8
various plant wall features such as stiffening 27, 28, 29 . BRI-dependent brassinosteroid 3 1 9
signaling is another critical player in cell wall integrity signaling, which leads to the 3 2 0 activation of cell wall loosening genes 30 . Although no homologs to CrRLKLs or BR-3 2 1 signaling components are found in C. reinhardtii, surface receptors localized in the 3 2 2 plasma membrane have been reported, including the sex-agglutinins that mediate 3 2 3 gamete recognition during mating 31,32 , and the elusive receptor for the sex-inducing 3 2 4
pheromone studied in Volvox carteri, a close relative of C. reinhardtii 33, 34 . Based on the 3 2 5
distinct structure and composition of C. reinhardtii cell walls, we would not expect to find 3 2 6
homologs to the known sensors in yeast and plants.
2 7
A plausible approach to identify the molecular components of the unknown cell 3 2 8
wall integrity signaling in C. reinhardtii is to look for mutations that eliminate the 3 2 9
constitutive activation of CW genes in cell wall defective mutants, using a forward 3 3 0 genetic approach. Such a suppressor screen can be performed, using a reporter 3 3 1 system probing the CW gene activation such as fluorescent proteins or colorimetric 3 3 2 assays. Molecular details of cell wall integrity signaling components in C. reinhardtii will 3 3 3
invite comparative studies that ask whether cell wall signaling is conserved between 3 were isolated from mutagenized population of JL28 (nic7; mt-) that was generated by 3 4 5
mating between CC-125 and CC-2663 (nic7; mt-). Nitrogen-free TAP medium was 3 4 6 prepared by omitting nitrogen from TAP medium. Liquid media with varying osmolarities 3 4 7
were made by either adding amounts of sucrose to liquid TAP media or by diluting the 3 4 8 media with water. ½ TAP, 1:1 water to media; TAP+S, 60 mM sucrose; TAP+SS, 120 3 4 9 mM sucrose. 3 5 0 3 5 1 Gametogenesis 3 5 2
Seven-day-old cells grown on TAP plates were harvested and suspended in nitrogen-3 5 3 free TAP (NF-TAP), then counted and normalized to a concentration of 5 x 10 7 cells/mL. 3 5 4
Suspended cells were incubated under high light (200 μ mol photons m −2 s −1 ) for a 3 5 5 minimum of 3 hours to induce gametogenesis. Sufficient gametogenesis was 3 5 6
determined by a mating efficiency analysis as per the method described in Hoffman and 3 5 7
Goodenough 35 , with 80% mating efficiency being the acceptable lower limit before 3 5 8
continuing the experiment. 3 5 9 3 6 0
Isolation of cell wall defective mutants by insertional mutagenesis 3 6 1
To isolate cell wall defective mutants, we followed the mutant screen using the method 3 6 2
described by Davies and Plaskitt 20 . Abnormal colony morphology was screened by 3 6 3
scanning plate cultures on TAP medium solidified with 2% Bacto agar under a 3 6 4
dissecting microscope (S8APO, Leica) in a mutant pool generated by insertional 3 6 5 mutagenesis. Putative mutant colonies were resuspended in liquid TAP medium and 3 6 6
tested for the NP-40 sensitivity (detailed in the methods section). Mutants displaying 3 6 7
>50% NP-40 sensitivity were selected as cell wall defective (cwd). Insertional 3 6 8 mutagenesis was performed by the glass bead-assisted transformation using 3 6 9
nicotinamide-requiring mutant cells (nic7, mt-) as described 36 . The plasmid used in the 3 7 0
insertional mutagenesis was prepared by adding pHsp70A/RbcS2-AphVIII 37 in pNic7.9 38 . 3 7 1
The plasmid was linearized by EcoRI that cleaves between the pHsp70/RbsC2 3 7 2
promoter and the open reading frame of the AphVIII. 3 7 3 3 7 4
g-lysin and CHX treatment 3 7 5 g-lysin extract was prepared as described 13 . Prepared g-lysin extract was then frozen at 3 7 6 -80°C until use. For g-lysin treatment, suspended cells were mixed with an equal 3 7 7
volume of thawed g-lysin extract for 1 hour to ensure cell wall removal. g-lysin efficiency 3 7 8
was determined by NP40 sensitivity test (see "NP40 sensitivity testing" in Materials and 3 7 9 methods). Untreated control samples were mixed with an equal volume medium to 3 8 0 maintain equal cell concentrations across samples. Cells were then incubated for 1 hour 3 8 1 before harvesting RNA. 3 8 2
For CHX pretreatment, suspended cells were mixed with a small volume of 10 3 8 3 mg per mL CHX stock to a final concentration of 10 µg/mL, then incubated for 45 3 8 4 minutes. Following the pretreatment, some cells were treated further with an equal 3 8 5
volume of thawed g-lysin extract. Cells were then incubated for one hour before 3 8 6
harvesting RNA. Total RNA extraction, cDNA synthesis, and qPCR reactions were carried out essentially 3 9 0 as described 19 . In brief, each qPCR run had technical duplicate samples to generate 3 9 1 average quantification cycle (Cq) data per run. Relative expression levels in each cDNA 3 9 2 sample were normalized to the RACK1 reference gene under the same conditions. 3 9 3
Relative expression was calculated by the method described in Pfaffl 39 , which accounts 3 9 4
for difference in PCR primer efficiency for the different transcript targets. Two or three 3 9 5
biological replicates were averaged for quantitative analysis. Welch's t-test was applied 3 9 6
to the analyzed expression data to check for statistical significance between treatment 3 9 7
conditions. Primer sequences are presented in Supplementary Table S3 . 3 9 8 3 9 9
Luciferase activity assays 4 0 0
To induce promoter-reporter activity, promoter-luciferase-transformed lines were 4 0 1 subjected to treatment conditions. Secreted Gaussian luciferase enzyme ( Joo for critical reading of the manuscript and Jenny Lee for technical assistance. 5 7 5 5 7 6
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